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A b s t r a c t  
A compos l te  g r l d  was genera ted  ln an a t tempt  
t o  improve g r i d  q u a l l t y  f o r  a t y p i c a l  t u r b i n e  b lade  
w i t h  l a r g e  camber i n  terms o f  mesh c o n t r o l ,  smooth- 
ness, and o r t h o g o n a l i t y .  T h l s  compos l te  g r l d  con- 
s i s t s  o f  t h e  C-g r id  ( o r  0 - g r l d )  i n  t h e  lmned la te  
v i c l n i t y  o f  t h e  b lade  and t h e  H-g r ld  I n  t h e  
ups t ream r e g l o n  and i n  t h e  m i d d l e  o f  t h e  b lade  
, passage between t h e  C-gr ids .  I t  p r o v i d e s  a good 
2 boundary l a y e r  r e s o l u t i o n  around t h e  leading-edge 
r e g l o n  f o r  v i scous  c a l c u l a t l o n ,  has o r t h o g o n a l l t y  
a t  t h e  b l a d e  s u r f a c e  and s l o p e  c o n t i n u i t y  a t  the 
C-H ( o r  0-H) I n t e r f a c e ,  and has f l e x l b l l l t y  I n  
c o n t r o l l i n g  t h e  mesh d i s t r l b u t i o n  i n  t h e  upstream 
r e g t o n  w i t h o u t  u s i n g  excess i ve  g r i d  p o i n t s .  This 
compos l te  g r i d  e l i m l n a t e s  t h e  u n d e s i r a b l e  q u a l l t l e s  
of  a s i n g l e  g r i d  when genera ted  f o r  a t y p i c a l  t u r -  
b i n e  geometry.  
A f i n i t e - v o l u m e  lower -upper  (LU) I m p l i c i t  
scheme can be used I n  s o l v l n g  f o r  t h e  t u r b i n e  f l ows  
on t h e  compos l te  g r i d .  Th l s  g r i d  has a spec la l  
g r l d  node t h a t  I s  connected t o  more t h a n  f o u r  
n e i g h b o r i n g  nodes i n  two dimensions and t o  more 
t h a n  SIX nodes I n  t h r e e  d lmens lons .  But  t h e  
f i n i t e - v o l u m e  approach poses no prob lem a t  t h e  
s p e c i a l  p o i n t  because each I n t e r l o r  c e l l  has on ly  
f o u r  n e l g h b o r l n g  c e l l s  i n  two dimensions and on ly  
SIX c e l l s  i n  t h r e e  dlmenslons. The f l n l t e - v o l u m e  
LU I m p l i c l t  scheme was demonstrated t o  be robus t  
and e f f i c i e n t  f o r  b o t h  e x t e r n a l  and i n t e r n a l  f lows 
I n  a b road  f l o w  regime. 
I n t r o d u c t i o n  
T u r b i n e  b lades  a r e  o f t e n  des igned t o  have sub- 
s t a n t i a l  t h i c k n e s s  and camber and rounded lead ing  
and t r a l l l n g  edges. For a t y p l c a l  t u r b i n e  blade 
t h e  H - g r i d  does n o t  p r o v i d e  a good boundary l aye r  
r e s o l u t i o n  around t h e  l e a d t n g  edge. I f  v e r y  f l n e  
meshes a r e  used t o  r e s o l v e  t h i s ,  t h e  number o f  g r i d  
p o i n t s  i n  t h e  upstream r e g l o n  becomes excesslve.  
Thus mesh p o i n t s  would be wasted. A t u r b l n e  f l o w  
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a n a l y s i s  on a n  H - g r i d  I n d i c a t e d  t h a t  t h e  s tandard  
H-g r id  needs cusps a t  t h e  l e a d l n g  and t r a l l i n g  
edges t o  reach  a convergent  s o l u t l o n  and t h a t  I t  
causes somewhat l a r g e  e n t r o p y  changes around t h e  
l e a d l n g  edge, where t h e  H - g r l d  has a l a r g e  g r i d  
skewness and s l o p e  d l s c o n t i n u l t y . 1  These numer- 
I c a l  e r r o r s  around l e a d l n g  edges wou ld  be reduced 
I f  a C-g r id  were used because I t  p r o v i d e s  a b e t t e r  
r e s o l u t i o n  around t h e  l e a d i n g  edge. A s tandard  
C-g r id  was genera ted  f o r  a c o r e  t u r b i n e  s t a t o r  
vane.2 I t r e v e a l s  l a r g e  g r i d  skewing,on t h e  
s u c t i o n  s i d e  o f  t h e  f l o w  passage, wh lch  shou ld  
i n c r e a s e  numer l ca l   error^.^.^ 
bine b lade ,  no  s l n g l e  g r i d  o f f e r s  s a t i s f a c t o r y  g r i d  
p r o p e r t i e s  I n  t h e  e n t i r e  t u r b i n e  s t a t o r  o r  r o t o r  
passage. 
t u r b i n e  cascade cornputat long shows t h e  s l o p e  
d l s c o n t j n u l t y  a t  t h e  0-H g r l d  I n t e r f a c e  and has 
ex t reme ly  l a r g e - a s p e c t - r a t l o  meshes near t h e  l ead -  
i n g  edge. The numer l ca l  scheme used I n  t h a t  work 
i s  a c e l l - c e n t e r e d  scheme based on t h e  Beam and 
Warmlng approx tmate  f a c t o r i  za t i on .6  A l though  t h e  
f l e x l b l l i t y  o f  t h e  scheme t s  l n d l c a t e d  I n  two 
dlmenslons, i t s  l l k e l y  l l m l t a t l o n s  I n  t h r e e  dlmen- 
s lons  suggest an a l t e r n a t i v e  approach. 
For a t y p i c a l  t u r -  
A two-d imens lona l  O/H a t ched  g r i d  used I n  a 
Two- and th ree -d imens iona l  compos l te  g r i d s  
were genera ted  I n  an  a t t e m p t  t o  Improve t h e  g r i d  
q u a l i t y  I n  terms o f  mesh c o n t r o l ,  smoothness, and 
o r t h o g o n a l i t y .  A numer i ca l  scheme t h a t  w i l l  run 
on t h i s  compos i te  g r i d  I s  d iscussed.  
Composite G r l d  
A s t a t o r  vane r l n g  and t h e  vane geometry a t  
mean s e c t l o n  a r e  shown i n  F l g s .  l ( a )  and ( b ) ,  
r e s p e c t i v e l y .  Th l s  vane r l n g  was used f o r  an annu- 
l a r  cascade exper lment  r e p o r t e d  i n  Ref .  2. To 
a l l e v l a t e  numer l ca l  e r r o r s  a s s o c l a t e d  w i t h  t h e  
H - g r i d  skewness f o r  t h e  b l u n t  l e a d l n g  edge, a I 
s tandard  C - g r i d  ( F i g .  2 ( a ) )  was genera ted  t o  exam- 
i n e  any p o s s l b l e  advantage over  t h e  H - g r i d  f o r  t h i s  
t u r b l n e  vane geometry.  Bu t  t h e  g r i d  became v e r y  
skewed on t h e  s u c t l o n  s i d e  o f  t h e  passage because 
t h e  b lade  was h l g h l y  cambered ( F l g .  2 ( b ) ) .  I n  
a d d i t i o n .  t h e  c o n t r o l  o f  t h e  mesh d i s t r l b u t l o n  I n  
t h e  b lade  r e g l o n  was l l m l t e d  w l t h  t h e  C-gr ld ,  
because i t  a f f e c t e d  t h e  mesh d l s t r l b u t l o n  I n  t h e  
upstream r e g l o n .  R e s u l t s  o f  numer i ca l  s l m u l a t l o n s  
u s i n g  t h i s  g r i d  a r e  l i k e l y  t o  be a f f e c t e d  by t h e  
g r i d  skewing.3 
were genera ted  as shown i n  F i g s .  3 ( a )  and ( b ) .  
r e s p e c t i v e l y .  The blades had a c o n s t a n t  p r o f i l e  
f r o m  hub t o  t i p  and were s tacked a t  t h e  t r a i l i n g  
edge ( F i g .  3 ( c ) ) .  Only a s e l e c t e d  number o f  g r i d  
l i n e s  a r e  shown f o r  i l l u s t r a t i o n .  T h i s  compos i te  
g r i d  c o n s i s t s  o f  t h e  C-gr id  ( o r  0 - g r i d )  i n  t h e  
Imned ia te  v i c i n i t y  o f  t h e  b lades  and t h e  H - g r i d  I n  
t h e  ups t ream r e g i o n  and I n  t h e  m i d d l e  o f  t h e  b lade  
passage between t h e  C-g r ids .  The C - g r i d  ( o r  
0 - g r i d )  p o r t i o n  can be genera ted  by u s i n g  e i t h e r  
t h e  e l l i p t i c  method7 o r  t h e  a l g e b r a i c  method.8 
A t  t h e  C-g r id  and H-gr id  i n t e r f a c e  ( o r  0-H i n t e r -  
f a c e )  t h e  s lope  c o n t i n u i t y  was p rese rved  so t h a t  
no s p e c i a l  numer i ca l  approx imat ions  a r e  needed f o r  
t h e  d e r i v a t i v e s  a t  the i n t e r f a c e .  
0 - g r i d )  i s  o r thogona l  t o  t h e  b l a d e  s u r f a c e  and p r o -  
v i d e s  a good boundary l a y e r  r e s o l u t i o n  near t h e  
l e a d i n g  edge. T h i s  composite g r i d  has b e t t e r  
smoothness and o r t h o g o n a l i t y  and p r o v i d e s  more 
f l e x i b i l i t y  i n  c o n t r o l l i n g  t h e  meshes than  any 
s i n g l e  g r i d  f o r  a t y p i c a l  t u r b i n e  b l a d e  w i t h  l a r g e  
camber and a rounded l e a d i n g  edge. 
genera ted  by t h e  e l l i p t i c  g r i d  g e n e r a t i o n  code.9 
Two sub rou t ines  o f  the code were mod i f l ed .10  
o u t e r  boundary sub rou t ine  was m o d i f i e d ,  t o  improve 
g e n e r a t i o n  o f  t h e  p e r i o d i c  boundar ies .  by u s i n g  t h e  
mean camber l i n e  f o r  h i g h - s o l i d i t y  b lade  rows. The 
i n n e r  boundary sub rou t ine  was m o d i f i e d  t o  a l l o w  a 
more genera l  c l u s t e r l n g  o f  p o i n t s  about  t h e  l e a d i n g  
and t r a i l i n g  edges o f  h i g h l y  cambered t u r b i n e  
b lades .  F i g u r e  4 i l l u s t r a t e s  t h e  p o r t i o n  o f  t h e  
C-g r id  between n = 0 and 0 = nc t h a t  was 
r e t a l n e d  f o r  t h e  composi te g r i d .  The g r i d  l i n e s  
a t  n = 0 and n = nmax a r e  I n n e r  and o u t e r  
boundar ies ,  r e s p e c t i v e l y .  The c h o i c e  o f  nc i s  
a r b i t r a r y  and may depend on t h e  e x t e n t  o f  t h e  shear 
f l o w  r e g i o n .  The n ’  c o o r d i n a t e  i s  a t r a n s l a t i o n  
o f  t h e  11 c o o r d i n a t e  by one p i t c h  i n  c i r cumfe ren -  
t i a l  d i r e c t i o n .  For the  H - g r i d  i n  t h e  m i d d l e  
between t h e  b lades ,  the C-g r id  p o i n t s  a t  n = n 
and II = nc+l on the  s u c t i o n  s i d e  and a t  
n 4  = q; and n ’  = Q;+, on t h e  p r e s s u r e  s i d e  a r e  
used i n  t h e  c u b i c  s p l i n e  t o  p r e s e r v e  s l o p e  c o n t i -  
n u i t y  a t  t h e  C - H  i n t e r f a c e  and t o  e f f e c t  a smooth 
change i n  mesh s i z e .  l h e  th ree -d imens iona l  g r i d  
I n  F i g .  3 (b)  was cons t ruc ted  a l g e b r a i c a l l y  f rom t h e  
compos l te  g r i d s  o f  the  hub and shroud su r faces  by 
u s i n g  t h e  cub ic  s p l i n e  and e x p o n e n t l a l  s t r e t c h i n g .  
e r a t e d  f o r  t h e  f l r s t - s t a g e  s t a t o r  and r o t o r  o f  t h e  
space s h u t t l e  ma in  engine (SSME) f u e l - t u r b o p u m p  t u r -  
b i n e .  F i g u r e  5 shows t h e  c o n s t r u c t i o n  o f  t h e  C - H  
compos l te  g r i d  f o r  the r o t o r  b lade .  F i g u r e  6 shows 
t h e  compos i te  g r l d  generated f o r  t h e  s t a t o r  vane. 
One m e r i t  o f  t h e  composi te g r i d  i s  t h e  f l e x i b i l i t y  
i n  c o n s t r u c t i n g  t h e  H - g r i d  i n  t h e  ups t ream r e g i o n .  
One can choose t h e  number and d i s t r i b u t i o n  o f  
meshes, and t h e  H - g r i d  can be extended i n  t h e  
upstream d i r e c t i o n  independent ly  o f  t h e  C - g r i d  p a r t  
o f  t h e  compos l te  g r l d  around t h e  b lade .  W i t h  t h i s  
f l e x i b i l i t y  t h e  downstream end of t h e  g r i d  f o r  t h e  
s t a t o r  can e a s i l y  be matched w i t h  t h e  ups t ream end 
o f  t h e  g r i d  f o r  t h e  r o t o r  i n  t h e  vane less  space 
between t h e  s t a t o r  and r o t o r .  F i g u r e  7 i l l u s t r a t e s  
t h a t  t h e  compos l te  g r i d  can be e a s i l y  c o n s t r u c t e d  
f o r  a s t a t o r / r o t o r  i n t e r a c t i o n  s tudy .  
Two- and th ree-d imens iona l  compos i te  g r i d s  
The C-g r id  ( o r  
The C - g r i d  p o r t i o n  o f  t h e  compos i te  g r i d  was 
The 
C 
A two-d imens iona l  composi te g r i d  was a l s o  gen- 
Numer ica l  Scheme 
Semid i sc re te  F in i t e -Vo lume Scheme 
The two-d imens iona l  C-H compos i te  g r i d  has an  
unusual  g r i d  p o i n t  t h a t  i s  connected t o  more t h a n  
f o u r  n e i g h b o r i n g  nodes ( F i g .  8 ( a ) ) .  A t  t h i s  p o i n t  
t h e  usua l  d i f f e r e n c i n g  techn iques  cannot  be a p p l i e d .  
I f  a s tandard  f i n i t e - d i f f e r e n c e  scheme were used t o  
s o l v e  a f l o w  p rob lem on t h i s  compos i te  g r i d ,  I t  
would be d i f f i c u l t  t o  t r e a t  t h i s  s p e c i a l  p o i n t .  A 
f i n l t e - v o l u m e  scheme11 t o  be used w i t h  t h i s  com- 
p o s i t e  g r i d  p resen ts  no p rob lem and r e q u i r e s  no  
s p e c i a l  t r e a t m e n t  because each i n t e r i o r  c e l l  o f  
t h i s  compos i te  g r l d  has o n l y  f o u r  n e i g h b o r i n g  c e l l s  
i n  two dimensions and s i x  n e i g h b o r i n g  c e l l s  i n  
t h r e e  d imens ions  ( F i g .  8 ( b ) ) .  The f i n i t e - v o l u m e  
scheme i s  d e s c r i b e d  b r i e f l y  here .  
The E u l e r  equa t ions  i n  i n t e g r a l  f o r m  can be 
w r i t t e n  as 
. 
f o r  a f i x e d  r e g i o n  R w i t h  boundary aR.  Here 
w rep resen ts  t h e  conserved q u a n t i t y ,  i s  t h e  
co r respond ing  f l u x  te rm,  and t i s  t ime .  
A conven ien t  way t o  ensure  a s t e a d y - s t a t e  
s o l u t i o n  independent  o f  t h e  t i m e  s t e p  i s  t o  sepa- 
r a t e  t h e  space and t i m e  d i s c r e t i z a t i o n  procedures .  
I n  t h e  s e m i d i s c r e t e  f i n i t e - v o l u m e  scheme one beg ins  
by a p p l y i n g  a s e m i d i s c r e t i z a t i o n  i n  wh ich  o n l y  t h e  
s p a t i a l  d e r i v a t i v e s  a r e  approx imated.  To d e r i v e  a 
s e m i d i s c r e t e  model t h a t  can be used t o  t r e a t  com- 
p l e x  geomet r i c  domains, t h e  compu ta t i ona l  domain 
i s  d i v i d e d  i n t o  q u a d r i l a t e r a l  c e l l s .  Assuming t h a t  
t h e  dependent v a r i a b l e s  a r e  known a t  t h e  c e n t e r  o f  
each c e l l ,  a system o f  o r d i n a r y  d i f f e r e n t i a l  equa- 
t i o n s  l s  o b t a i n e d  by a p p l y i n g  e q u a t i o n  ( 1 )  sepa- 
r a t e l y  t o  each c e l l .  These equa t ions  have t h e  f o r m  
d 
d t  ( s i j w i j )  “ij = 
- 
where S i j  i s  t h e  c e l l  a rea  and Qi i s  t h e  
n e t  f l u x  o u t  o f  t h e  c e l l .  Th i s  can i e  eva lua ted  as 
A 
( 3 )  
where f k  and gk denote  va lues  o f  t h e  f l u x  
v e c t o r s  f and 9 on t h e  k t h  edge, Axk and 
Ayk a r e  t h e  i nc remen ts  o f  x and y a l o n g  t h e  
edge w l t h  a p p r o p r i a t e  s igns ,  and t h e  sum I s  over  
t h e  f o u r  s i d e s  o f  t h e  c e l l .  The f l u x  v e c t o r s  a r e  
eva lua ted ,  f o r  example, by ave rag ing  t h e  va lues  i n  
t h e  c e l l s  on e i t h e r  s i d e  o f  t h e  edge: 
The scheme c o n s t r u c t e d  i n  t h i s  manner reduces t o  a 
c e n t r a l - d i f f e r e n c e  scheme on a C a r t e s i a n  g r i d  and 
I s  second-order a c c u r a t e  i n  space p r o v i d e d  t h a t  t h e  
mesh i s  smooth enough. I t  a l s o  has t h e  p r o p e r t y  
t h a t  u n i f o r m  f l o w  i s  an e x a c t  s o l u t i o n  o f  t h e  d l f -  
f e rence  equa t ions .  
LU I m p l i c i t  Scheme 
The compos i te  g r i d  i s  genera ted  t o  be used f o r  
b o t h  i n v i s c i d  and v l scous  f l o w  c a l c u l a t i o n s .  Fo r  
2 
v i s c o u s  c a l c u l a t i o n s  t h e  C- o r  &meshes must  be  
v e r y  f i n e  t o  r e s o l v e  t h e  boundary l a y e r .  And i t  
i s  l i k e l y  t h a t  t h e  t i m e  s t e p  imposed by an  e x p l i c i t  
s t a b i l i t y  bound w i l l  be much l e s s  t h a n  t h a t  imposed 
by t h e  accuracy  bound o f  an i m p l i c i t  scheme. Since 
an  obv ious  way t o  a c c e l e r a t e  convergence t o  a 
s teady  s t a t e  i s  t o  i n c r e a s e  t h e  s i z e  of  t h e  t i m e  
s tep ,  an i m p l i c i t  scheme i s  expec ted  t o  have a 
f a s t e r  convergence. A l though  t h e  a l t e r n a t i n g  
d i r e c t i o n  i m p l i c i t  (ADI )  scheme has been v a l u a b l e  
i n  two-d imens iona l  problems, i t s  i n h e r e n t  l i m i t a -  
t i o n s  I n  t h r e e  dimensions suggest an a l t e r n a t i v e  
approach. An LU i m p l i c i t  scheme was demonstrated 
t o  be e f f i c i e n t  and r o b u s t  f o r  b o t h  e x t e r n a l  and 
i n t e r n a l  f l o w s  i n  a broad f l o w  reg1me. l2 - l4  The 
scheme was extended f o r  t h ree -d imens iona l  f l o w s  on 
an  H - g r I d . l 5  
numer i ca l  s i m u l a t i o n  o f  t u r b i n e  f l o w s  on t h e  
compos i te  g r i d .  
Th i s  scheme w i l l  be used f o r  t h e  
The c o n s e r v a t i o n  l aw  f o r m  o f  t h e  E u l e r  equa- 
t i o n s  i n  C a r t e s i a n  coo rd ina tes  f o r  two-d imens iona l  
f l o w  i s  
a! af a5 
- t - t - = o  a  ax ay ( 4 )  
where !!! i s  t h e  v e c t o r  o f  dependent v a r i a b l e s  and 
- F and 5 a r e  c o n v e c t i v e  f l u x  v e c t o r s :  
T I?. = (P,PU.PV,PE) 
- F = [pu.pu2 + P.PVU,U(PE + P ) I  
- G = E P V , P U V , P V ~  + P,V(P€ + P)I 
where p, u, v, E, and p a r e  d e n s i t y ,  v e l o c i t y  
components, t o t a l  energy,  and p ressu re .  The p res -  
su re  i s  o b t a i n e d  f r o m  t h e  equa t ion  o f  s t a t e  
(5) 
T 
T 
where y i s  t h e  r a t i o  o f  s p e c i f i c  hea ts .  These 
equa t ions  a r e  t o  be so l ved  f o r  a s t e a d y - s t a t e  
aI?./at = 0, where t denotes t ime .  
L e t  t h e  Jacob ian  m a t r i c e s  be 
aF 
aw ' 
and l e t  t h e  c o r r e c t i o n  be 
A = -  
aw = wn+ 
where n denotes  t h e  t i m e  
The l i n e a r i z e d  i m p l i c  
- I?.n 
l e v e l .  
t scheme f o r  a system 
o f  n o n l i n e a r  h y p e r b o l i c  equat ions  such as t h e  Eu ler  
equa t ions  can be f o r m u l a t e d  as 
[I + 13 A t  (DxA t DyB)] a! + A t  = 0 ( 7 )  
where I i s  t h e  i d e n t i t y  m a t r i x  and R I s  t h e  
r e s i d u a l  
Here Dx  and Dy a r e  c e n t r a l  d i f f e r e n c e  oper -  
a t o r s  t h a t  approx imate  a/ax and slay. 
a c c u r a t e  i n  t ime;  f o r  o t h e r  va lues  o f  13 t h e  t i m e  
I f  I3 = 1/2, t h e  scheme remains second-order 
accuracy  drops  t o  f i r s t  o r d e r .  The u n f a c t o r e d  
I m p l i c i t  scheme (eq .  ( 7 ) )  produces a l a r g e  b l o c k -  
banded m a t r i x ,  wh ich  i s  v e r y  c o s t l y  t o  i n v e r t  and I 
r e q u i r e s  huge s to rage .  An u n c o n d i t i o n a l l y  s t a b l e  
i m p l i c i t  scheme t h a t  has e r r o r  terms a t  most o f  
o r d e r  ( A t ) 2  i n  any number o f  space dlmenslons 
can be d e r i v e d  by LU f a c t o r i z a t i o n  
X t A t  R = 0, (8 )  
where D, and D; a r e  backward d i f f e r e n c e  oper -  
a t o r s  and 0; and DG a r e  fo rward  d i f f e r e n c e  
o p e r a t o r s .  The reason f o r  s p l i t t i n g  I s  t o  ensure 
t h e  d iagona l  dominance o f  lower  and upper f a c t o r s  
as w e l l  as t o  make use o f  t h e  b u i l t - i n  i m p l i c i t  
d i s s i p a t i o n .  
Here A t ,  A - ,  E t ,  and B- a r e  c o n s t r u c t e d  so 
t h a t  t h e  e igenva lues  o f  "to'  m a t r i c e s  a r e  nonnega- 
t i v e  and those  o f  ' I -"  m a t r i c e s  a r e  n o n p o s i t i v e .  
+ 1  1 A = - 2 (A t r A I ) ,  A- = - 2 (A - r A I) 
where 
Here LA and k0 r e p r e s e n t  e lgenva lues  o f  
Jacob ian  m a t r i c e s .  Equa t ion  ( 8 )  can be i n v e r t e d  
i n  two s teps .  The LU i m p l i c i t  scheme needs t h e  
i n v e r s l o n  o f  sparse  t r i a n g u l a r  m a t r i c e s ,  wh ich  can 
be done e f f i c i e n t l y  w i t h o u t  u s i n g  l a r g e  s to rage .  
T h i s  scheme has o n l y  two f a c t o r s  i n  t h r e e  
d imens ions .  
Conc lud ing  Remarks 
Two- and t h r e e - d i m e n s i o n a l  compos i te  g r i d s  
were genera ted  t o  improve g r i d  q u a l i t y  f o r  an annu- 
l a r  t u r b i n e  cascade i n  terms o f  smoothness, reso-  
l u t i o n ,  and o r t h o g o n a l i t y .  Th i s  compos i te  g r i d ,  
wh ich  has a C-type ( o r  0 - t ype )  g r l d  i n  t h e  i m e d i -  
a t e  v i c i n i t y  o f  t h e  t u r b i n e  b lade ,  p r o v i d e s  a good 
boundary l a y e r  r e s o l u t i o n  around t h e  l ead ing -edge  
r e g l o n  f o r  v i scous  c a l c u l a t i o n ,  has o r t h o g o n a l i t y  
a t  t h e  b l a d e  s u r f a c e  and s l o p e  c o n t i n u i t y  a t  t h e  
C-H ( o r  0-H) i n t e r f a c e ,  and c o n t r o l s  t h e  mesh d i s -  
t r l b u t i o n  i n  t h e  ups t ream r e g i o n  w i t h o u t  u s i n g  
excess i ve  g r i d  p o i n t s .  T h i s  compos i te  g r i d  e l l m i -  
na tes  t h e  u n d e s i r a b l e  q u a l i t i e s  o f  a s i n g l e  g r i d  
when genera ted  f o r  a t y p i c a l  t u r b i n e  geometry. 
The C-H compos i te  g r i d  has f l e x l b i l l t y  I n  con- 
s t r u c t i n g  t h e  H - g r i d  I n  t h e  ups t ream r e g i o n  so t h a t  
t h e  g r i d s  f o r  t h e  s t a t o r  vanes and r o t o r  b lades  o f  
t h e  SSME fue l - tu rbopump t u r b i n e  can e a s i l y  be 
matched i n  t h e  vane less  space and can be used f o r  
t h e  s t a t o r - r o t o r  i n t e r a c t i o n  s tudy .  
A f i n i t e - v o l u m e  lower -upper  (LU)  I m p l i c i t  
scheme i s  t o  be used i n  s o l v i n g  t h e  t u r b i n e  f l o w s  
on t h e  compos i te  g r i d .  T h i s  g r i d  has a s p e c i a l  
g r i d  node t h a t  i s  connected  t o  more than  f o u r  
n e i g h b o r i n g  nodes i n  two dimensions and t o  more 
t h a n  s i x  nodes i n  t h r e e  d imens ions .  Bu t  t h e  
f i n i t e - v o l u m e  approach poses no  p rob lem a t  t h e  
s p e c i a l  p o i n t  because each i n t e r i o r  c e l l  has o n l y  
f o u r  n e i g h b o r i n g  c e l l s  i n  two dimensions and o n l y  
3 
s i x  c e l l s  i n  t h r e e  dimensions. The f i n i t e - v o l u m e  
LU I m p l i c i t  scheme was p roven t o  be r o b u s t  and 
e f f i c i e n t  i n  a b road f l o w  regime and I s  expec ted  
t o  y i e l d  accu ra te  s o l u t i o n s  on t h e  improved compos- 
l t e  g r i d .  
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FLOW ,- STATOR VANE I ,/ ,- WINDOW CUTOUT 
(A) RING SHOWING CUTOUT FOR LASER WINDOW. 
V N C R  = 0.231 
I 
RADIUS, 
5.08 MM-, RADIUS. AXIAL 
0.89 MM, CENTERLINE 
I 
AXIAL CHORD 
38.23 MH 
/ I ’  I I 
STACKING AXIS ,’ 
AT CENTER 
OF TRAILING- ,I’ 
EDGE CIRCLE-’ I\ 
FIGURE 1. - CORE TURBINE STATOR VANE. 
(9) GEOMETRY AT MEAN SECTION. (V/Vc, = CRITICAL 
VELOCITY RATIO.) 
(A)  THREE DIMENSIONS. (B) TWO DIMENSIONS. 
FIGURE 2. - STANDARD C-GRID FOR CORE TURBINE VANES. 
5 
(A) TWO DIMENSIONS. 
(B)  THREE DIMENSIONS. 
FIGURE 3.  - COMPOSITE GRID FOR CORE TURBINE STATOR VANES. 
6 
e R e  
i 
OillG!?!dL PAGE IS 
POOR QUALITY 
(C) STACKED AT TRAILING EDGES. 
FIGURE 3.  - CONCLUMD. 
PITCH 
FIGURE 4. - STANDARD TWO-DIMENSIONAL C-GRID FOR CORE 
TURBINE VANES WITH BODY-FITTED COORDINATES SHOWN. 
(A) C-GRID I N  IMMEDIATE V I C I N I T Y  OF ROTOR BLADE. 
(B )  PATCHING OF GRID I N  BLADE REGION AND EXTENSION OF H-GRID 
INTO UPSTREAM REGION. 
(C) COMPOSITE GRID. 
FIGURE 5. - CONSTRUCTION OF C-H COMPOSITE GRID FOR FIRST- 
STAGE ROTOR OF SSME FUEL-TURBOPUMP TURBINE, 
7 
FIGURE 6. - C M P O S I T E  GRID FOR FIRST-STAGE STATOR OF S S E  
FUEL-TURBOPUW TURBINE. 
ROTATION 
FIGURE 7. - COMPOSITE GRID FOR F I R S T  STAGE Of SSME FUEL-TURBOPUMP TURBINE, 
8 
(A)  GRID NODES TO BE USED I N  FINITE-DIFFERENCE SCHEME. 
(B) CELL CENTERS TO BE USED I N  FINITE-VOLUFT S C H E E ,  
FIGURE 8. - SPECIAL POINT ( P I  OF C W O S I T E  GRID. 
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6. Abstract 
A composi te g r i d  was generated i n  an a t tempt  t o  improve g r i d  q u a l i t y  f o r  a t y p i -  
c a l  t u r b i n e  b lade  w i t h  l a r g e  camber i n  terms o f  mesh c o n t r o l ,  rmoothners, and 
o r t h o g o n a l i t y .  This composite g r i d  c o n s i s t s  o f  t h e  C g r l d  ( o r  0 g r i d )  I n  the  
Immediate v i c i n i t y  o f  t h e  b lade  and t h e  H - g r i d  i n  t h e  upstream r e g l o n  and i n  the 
m idd le  o f  t h e  b lade passage between the C - g r i d s .  I t  p rov ldes  a good boundary 
l a y e r  r e s o l u t i o n  around t h e  leading-edge r e g i o n  f o r  v i scous  c a l c u l a t i o n ,  has 
o r t h o g o n a l i t y  a t  t h e  b lade  s u r f a c e  and s l o p e  c o n t i n u i t y  a t  t h e  C-H ( o r  0-H) 
i n t e r f a c e ,  and has f l e x i b i l i t y  i n  c o n t r o l l i n g  t h e  mesh d i s t r i b u t i o n  i n  t h e  
upstream r e g i o n  w i t h o u t  u s i n g  excess ive g r i d  p o i n t s .  T h i s  composi te g r i d  e l l m i -  
nates t h e  u n d e s i r a b l e  q u a l i t i e s  o f  a s i n g l e  g r i d  when generated f o r  a t y p i c a l  
t u r b i n e  geometry. A f i n i t e - v o l u m e  lower-upper  (LU) i m p l i c i t  scheme can be used 
i n  s o l v i n g  f o r  t he  t u r b i n e  f l ows  on t h e  composi te g r i d .  Th i s  g r i d  has a s p e c i a l  
g r i d  node t h a t  i s  connected t o  more than f o u r  n e i g h b o r i n g  nodes i n  two dimensions 
and t o  more than s i x  nodes i n  t h r e e  dimensions. But t h e  f i n i t e - v o l u m e  approach 
poses no problem a t  t h e  s p e c i a l  p o i n t  because each i n t e r i o r  c e l l  has o n l y  f o u r  
ne ighbor ing  c e l l s  i n  two dimensions and o n l y  s i x  c e l l s  i n  t h r e e  dimensions. The 
f i n i t e - v o l u m e  LU i m p l i c i t  scheme was demonstrated t o  be robus t  and e f f i c i e n t  f o r  
bo th  e x t e r n a l  and i n t e r n a l  f l o w s  i n  a broad f l o w  regime. 
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